Supplemental oxygenation and carbon dioxide removal through an intravenous respiratory assist catheter can be used as a means of treating patients with acute respiratory failure. We are beginning development efforts toward a new respiratory assist catheter with an insertional size <25F, which can be inserted percutaneously. In this study, we evaluated fiber bundle rotation as an improved mechanism for active mixing and enhanced gas exchange in intravenous respiratory assist catheters. Using a simple test apparatus of a rotating densely packed bundle of hollow fiber membranes, water and blood gas exchange levels were evaluated at various rotation speeds in a mock vena cava. At 12,000 RPM, maximum CO 2 gas exchange rates were 449 and 523 mL/min per m 2 , water and blood, respectively, but the rate of increase with increasing rotation rate diminished beyond 7500 RPM. These levels of gas exchange efficiency are two-to threefold greater than achieved in our previous respiratory catheters using balloon pulsation for active mixing. In preliminary hemolysis tests, which monitored plasma-free hemoglobin levels in vitro over a period of 6 hours, we established that the rotating fiber bundle per se did not cause significant blood hemolysis compared with an intra-aortic balloon pump. Accordingly, fiber bundle rotation appears to be a potential mechanism for increasing gas exchange and reducing insertional size in respiratory catheters. ASAIO Journal 2007; 53:368 -373.
Patients with acute and acute-on-chronic respiratory failure may benefit from supplemental oxygenation and carbon dioxide removal until their lungs heal. [1] [2] [3] [4] Mortensen 5 first introduced the concept of an intravenous respiratory assist device, in which a bundle of hollow fiber membranes (HFMs) is placed within the vena cava through a peripheral vein (e.g., femoral vein) and connected to an oxygen sweep gas flow. Oxygen diffuses out of the gas permeable HFMs into the blood stream while carbon dioxide diffuses into the lumens of the HFMs and is vented externally by the exiting sweep gas. By providing gas exchange independent of the natural lungs, intravenous respiratory assist reduces the gas exchange load required of the lungs and may offer an advantage over mechanical ventilation, the most common respiratory support method used clinically, by eliminating ventilator induced injury to the lungs. Alternatively, intravenous respiratory assist may allow mechanical ventilation at reduced tidal volumes that can ameliorate ventilatory induced injury. 6, 7 The intravenous respiratory assist device introduced by Mortensen proceeded onto human clinical testing in the 1990s as the IVOX and demonstrated general feasibility for the concept of an intravenous respiratory assist device. [3] [4] [5] 8, 9 Nevertheless, issues with clinical trial design, the size of the IVOX (33.3F to 45F), 10 and the IVOX level of gas exchange halted further development of the IVOX.
The development of intravenous respiratory assist devices by other research groups continued beyond the IVOX experience with efforts primarily directed toward improving gas exchange performance and reducing device size. The PENSIL was a long, slender respiratory assist catheter incorporating short blindended HFMs along its length in a "bottle-brush" configuration. [11] [12] [13] [14] Our group first introduced "active mixing" into a respiratory assist catheter by incorporating a pulsating balloon concentrically within the device's HFM bundle. [15] [16] [17] [18] [19] Balloon pulsation increased gas exchange efficiency (exchange per HFM surface area) by driving blood flow across the HFMs at a higher velocity than would otherwise exist in the vena cava-. 20 -23 Balloon pulsation increased gas exchange by up to 200% to 300%, depending on vessel size, blood flow rate, and pulsation rate in in vitro and ex vivo tests, 19, 21 but more modest increases of only 30% to 40% in gas exchange were observed in animal implantation studies. 16, 22, 23 Subsequently, active mixing using fiber vibration was shown to have some effect on increasing gas exchange of the PENSIL device. [11] [12] [13] [14] Recently, a respiratory assist catheter was developed (the HIMOX) with an integrated microaxial pump on one end of a sheath-encapsulated HFM bundle. 24 -26 The microaxial pump of the HIMOX increases its gas exchange performance by directing blood flow across a packed fiber bundle that would be minimally perfused without the pump. Despite the development efforts described above, the clinical translation of intravenous respiratory assist devices may be impeded by the insertional size of the devices, which is dictated by the amount of HFM area required to achieve appropriate rates of supplemental gas exchange. Our current respiratory catheter, which is being readied for human clinical trials, requires a 32F introduction size even with the enhanced gas exchange efficiency arising from the pulsating balloon. 19 -23,27,28 We are beginning development efforts toward a new respiratory assist catheter with an insertional size Ͻ25F and that can be inserted percutaneously. In this study, we evaluated fiber bundle rotation as a new mechanism in place of balloon pulsation for active mixing and enhanced gas exchange in intravenous respiratory assist catheters. Previously, enhanced gas exchange from fiber rotation was demonstrated in an intravascular respiratory assist catheter (D-ILAD), using short HFM sheets stacked around a central catheter and rotated in a screw-like arrangement. 29 -32 In addition, fiber bundle rotation was shown to enhance gas exchange in extracorporeal respiratory assist devices. 33, 34 Here, we used a simple bench test apparatus to evaluate the gas exchange characteristics of a rotating densely packed HFM bundle that could potentially be used in developing smaller percutaneous respiratory assist catheters. We evaluated the effect of the fiber bundle rotational speed on gas exchange efficiency in comparison to balloon pulsation. In addition, preliminary hemolysis studies were performed that indicated that the rotation of the fibers per se does not appear to generate problematic hemolysis.
Materials and Methods

Bench Test Apparatus
The bench test device consisted of a fiber bundle of 20 cm length, incorporating 525 microporous HFMs of 300 mm OD and 240 mm ID (x30-240 Celgard, Membrana GmbH, Wuppertal, Germany), 35 with a total HFM area of 0.1 m 2 . A mat of fibers was rolled around a stainless steel rod (0.083 inch OD), which acted as the support structure for the bundle, and both ends of the fiber mat were potted in Delron potting fixtures using a two-part epoxy. The effective insertional diameter of the rotating catheter bundle when potted and compressed was 25F (8.33 mm). The fiber bundle was connected to proximal and distal manifolds, which consisted of bearings and seals. The proximal manifold also housed the connection from the stainless steel rod within the fiber bundle to a stainless steel coupling and subsequent stainless steel drive shaft (1 mm OD) of a motor and controller (Series 2444-024-B, MicroMo Electronics Inc, Clearwater, FL). The motor was capable of driving rotation up to 12,000 RPM, as measured through an indicator circuit processing the hall sensor impulses within the motor (Model Cub5, Red Lion Controls, York, PA).
Blood Collection/Treatment
Bovine blood was acquired from a slaughterhouse (the morning before gas exchange testing and the morning of hemolysis testing) and anticoagulated with ACD (anticoagulant citrate dextrose) at a ratio of 9:1 to eliminate clot formation during testing. Penicillin (500,000 U/mL) and gentamicin (0.1 g/mL) were added to the blood to eliminate potential bacteria growth during testing. Immediately after collection, the blood was filtered with the use of a 40-m microaggregate blood transfusion filter (SQ40S, Pall Biomedical, Inc, East Hills, NY).
Gas Exchange Evaluation
Gas exchange of the rotating fiber bundle was tested within a 7/8-inch ID (Figure 1 ) rigid test section with integral spacers that kept the bundle centered during rotation. This test section was filled with either deionized water or slaughterhouse bovine blood (prepared as described above). A sweep gas of pure oxygen (from an external source) was pulled through the inner lumens of the fibers, a moisture trap, thermal mass flowmeter (GR-116-A-PV-O2, Fathom Technologies, Round Rock, TX), and a sealed vacuum pump (400 -3910, Barnant Company, Barrington, IL). The percentage of CO 2 in the sweep gas exhaust of the device was measured with the use of a CO 2 analyzer (CO2-44B, Physio-Dyne Instrument Corporation, Quogue, NY) on the positive side of the sealed vacuum pump. Pressure drop (on the sweep gas side) across the device was measured with a differential pressure transducer (143SC, Honeywell International, Inc, Morristown, NJ).
Sweep gas flow was set at 3 L/min (as measured by the thermal mass flowmeter). The test fluid (either water or blood) was perfused through the test section at 3 L/min (measured by a rotometer for water and an ultrasonic flow probe (T110, Transonic Systems, Inc, Ithaca, NY) for blood) and 37°C. Liquid side pressure was kept above 100 mm Hg to eliminate microbubble formation. This was necessary for the bench test apparatus only because the sweep gas pressure drop leading to the fiber bundle was small. (In actual application, pneumatic design of an implantable catheter would have sufficient resistance to create a pressure within the fibers opposing microbubble formation and the fibers themselves would have nonporous polymer coatings that would not allow microbubbles. 36 ) Inlet and outlet partial pressures of CO 2 and O 2 were measured with a blood gas analyzer (ABL505, Radiometer America, Inc, Westlake, OH). Target inlet conditions for water were a PCO 2 of 50 mm Hg and a PO 2 of 30 mm Hg, while the inlet pCO 2 of blood was targeted at 45 mm Hg, according to the Association for the Advancement of Medical Instrumentation (AAMI) standards. 37 Total hemoglobin and oxygen saturation were measured for blood experiments with the use of a co-oximeter (OSM3, Radiometer America, Inc, Westlake, OH). AAMI standards inlet conditions of 65% O 2 saturation and 12 g/dL total hemoglobin were used. Gas exchange was evaluated at various rotation rates up to 12,000 RPM. Rotation rates were randomly picked during testing and repeated twice (except for the 12,000 RPM data).
Gas exchange levels (VCO 2 and VO 2 , carbon dioxide and oxygen, respectively) were calculated for the various rotation rates for the water and blood characterization test. VCO 2 was calculated from gas side measurements for both types of fluid, using:
where Q OUT STP is the flow rate of the sweep gas being pulled through the device and F CO2 is the fraction of CO 2 at the exhaust of the catheter. This exchange level was then normalized (V CO2 * ) to our target PCO 2 inlet of 50 mm Hg by:
to reduce variability associated with small changes (Ͻ5 mm Hg) from our 50 mm Hg target of the inlet PCO 2 condition. VO 2 for water tests was determined using:
where pO 2 OUTLET and pO 2 INLET are the partial pressures of oxygen after and before the device, respectively, Q WATER is the flow rate of water, and ␣ WATER 37C is the solubility of oxygen in water at 37°C [0.000317 mL O 2 /100 mL water per mm Hg].
VO 2 for blood tests was determined using:
where Q BLOOD is the flow rate of blood and sO 2 OUTLET and sO 2 INLET are the saturation of oxygen in the blood after and before the device, respectively. tHb INLET is the solubility of oxygen in blood at 37°C [0.003 mL O 2 /100 mL blood per mm Hg]. All gas exchange levels were also normalized to the fiber surface area of the catheter.
Evaluation of Hemolysis
Preliminary hemolysis studies were done to establish whether the rotating fibers themselves would cause problematic hemolysis. Red cell damage associated with the bench test apparatus was evaluated in a manner similar to our previously reported data on the balloon-pulsed respiratory catheter. 38 Two identical loops were used to compare the test device with a Datascope intra-aortic balloon pump, each consisting of a reservoir bag (Affinity Venous Reservoir Bag #321, Medtronic, Inc, Minneapolis, MN), centrifugal blood pump (Biomedicus BioPump BPX-80 and 540 Bio-Console, Medtronic, Inc, Minneapolis, MN), pediatric heat exchanger (D1078, Medtronics Electromedics, Minneapolis MN), and a 7/8-inch rigid test section with integral spacers, all connected using 3/8-inch laboratory tubing (R-3603, Tygon, Saint-Gobain Performance Plastics, Akron, OH). Pressure in the two loops was measured with a pressure transducer. A vacuum (achieved by a Barnant pump) was applied to the sweep gas pathway of the rotational catheter to eliminate possible microbubble formation, and pressure was continually monitored with a pressure transducer.
Protein (as measured by Spotchem EZ SP-4430, Arkray, Inc, Kyoto, Japan) and hematocrit were measured before testing. A fragility index for the blood was calculated according to Lund et al. 38 The blood was slowly added (1.5 L volume) and circulated at 3 L/min (as measured by a T110 Transonic Systems flow probe) and 37°C (as measured using a thermocouple, Type-T, Cole-Parmer Instrument Company, Vernon Hills, IL) in a closed loop for 6 hours. The test devices were set at constant rotation and pulsation rates for the duration of the 6-hour test (rotational catheter @ 7500 RPM, Datascope intraaortic balloon pump @ 120 beats per minute). Samples at the outlet of the test device were drawn every half hour for the first 2 hours and then every hour until the 6-hour time point. Plasma-free hemoglobin (PFHB) samples were spun at 3800 RPM for 15 minutes (Centrific Model 228, Fisher Scientific International, Inc, Hampton, NH), plasma was siphoned off, then spun for 15 minutes at 10,000 RPM (Galaxy 7, VWR International, West Chester, PA), siphoned off again, respun at 10,000 RPM, and then placed into a cuvette for analysis in the spectrophotometer.
Hematocrit and PFHB were measured for each sample acquired and plotted over the duration of the test. Absorbance values determined at a wave length of 540 nm in the spectrophotometer were converted to PFHB(in mg/dL by):
where 125 mg/dL is the conversion factor for bovine blood and 5 mg/dL is the background reading of nondamaged plasma, using a DI water blank. 34, 38 The conversion factor was determined through serial dilutions of completely hemolyzed whole bovine blood.
Results
Gas exchange for CO 2 and O 2 in water and blood increased with increasing rotation rate of the fiber bundle (Figure 2) . In the absence of rotation (0 RPM), gas exchange was negligible because of the small fiber bundle size in the test vessel and shunting of flow past the device. The maximum CO 2 exchange rates were 449 and 523 mL/min per m 2 (water and blood, respectively) at 12,000 RPM, whereas the maximum O 2 exchange rates were 251 and 374 mL/min per m 2 (water and blood, respectively) at 10,000 RPM. The rate of increase of gas exchange with increasing rotation rate appeared to diminish or plateau beyond approximately 7500 RPM, and the maximum gas exchange levels were only about 10% higher than those at 7500 RPM.
Hemolysis results are summarized for two separate tests that spanned the range of hemolysis generation seen with our bench test device ( Table 1 ). The two tests were performed using different devices with the same fiber bundle specifications (size and number of fibers, packing densities, fiber bundle size) and with both rotating at 7500 RPM. The control device for both tests was an intra-aortic balloon pump pulsing at 120 BPM. In the first test (group A: lowest hemolysis), the rate of increase of PFHB was similar between rotating test device and control. In the second test (group B: highest hemolysis), the rate of increase of PFHB was significantly greater for the rotating test device compared with control. Total blood protein was similar in these tests (5.9 versus 6.5 g/dL), as was the fragility index (0.44 Ϯ 0.01 versus 0.38 Ϯ 0.01). As the fiber bundles and rotation speeds were identical in these two tests (as was the in vitro gas exchange, data not shown), comparable hemolysis generation of the test device and control device in group A indicates that rapid fiber rotation per se does not lead to significant hemolysis compared with an intraaortic balloon pump but does lead to some other variable component of the test fixture exists that causes the greater hemolysis seen in group B.
Discussion
Intravenous respiratory assist may become a viable treatment for many patients with acute and acute-on-chronic lung failures. The clinical implementation of intravenous respiratory assist catheters may be impeded by their relatively large size (32F or greater), which arises from the fiber membrane area required to achieve supplemental gas exchange. We are beginning development efforts toward a new percutaneous respiratory assist catheter (PRAC) with an insertional size Ͻ25F and gas exchange comparable to our current balloon-pulsed catheter. 17,19 -21,23 The studies reported here evaluated fiber bundle rotation as a new mechanism for enhancing gas exchange in respiratory assist catheters. We fabricated a simple bench test apparatus of a 25F, rotating, rod-shaped, denselypacked HFM bundle. Gas exchange increased substantially with increasing bundle rotation rates, ultimately achieving exchange efficiencies of 520 mL/min per m 2 for CO 2 and 370 mL/min per m 2 for O 2 . In past, comparable tests of our 32F balloon-pulsed catheter (membrane area of 0.17 m 2 ), maximal gas exchange efficiencies were 280 and 120 mL/min per m 2 for CO 2 and O 2 , respectively. 20 In absolute gas exchange, the rotating 25F PRAC achieved 52 and 37 mL/min for CO 2 and O 2 , respectively, compared with 43 and 31 mL/min for the 32F pulsating balloon catheter.
In this study, we performed gas exchange tests in a simple "mock vena cava" bench flow loop to compare results with a substantial database of gas exchange results for our respiratory catheter, which used a pulsating balloon. The in vitro test system is not meant to mimic the complex environment within the vena cava, in which vessel compliance is one prominent characteristic. Nevertheless, we expect that the active mixing generated by fiber bundle rotation per se will not be substantively affected by vessel compliance. If anything, vessel com- pliance would be expected to have a greater effect with our pulsating respiratory catheter because of pressure swings during balloon inflation and deflation. When we studied this, however, we did not find any significant differences in gas exchange performance between our pulsating catheter in rigid vessels versus compliant vessels. 39 We also tested our pulsating balloon catheter in acute and chronic in vivo tests 16, [21] [22] [23] and found no evidence suggesting obstruction of caval flow. Accordingly, as the rotational fiber bundles studied here take up only 60% of the vessel cross section compared with the pulsating balloon catheter, we would similarly expect no problems associated with obstruction of caval flow. "Active mixing" is often used when describing the increase in gas exchange caused by imparting or disrupting normal flow fields that would be associated with a passive respiratory assist device (for example, a commercial blood oxygenator). The increase in gas exchange caused by active mixing occurs through a combination of two potential mechanisms: 1) increased relative velocity of blood flow past fiber surfaces; and/or 2) increased mixing that convects oxygenated and decarbonated fluid elements away from the fiber bundle and that convects fresh fluid elements toward the fiber bundle. The former reduces the diffusional boundary layers subjacent to fibers, 20, 40 whereas the latter maintains a favorable gas tension gradient for diffusion. In this study, active mixing using fiber bundle rotation resulted in approximately a doubling of gas exchange efficiency compared with balloon pulsation. The increase probably is a result of both mechanisms described above. The characteristic velocity (fiber or flow) generated by balloon pulsation at 300 beats per minute (the maximum we were able to achieve) is approximately 2.5 cm/s, assuming a 1-cm-diameter balloon, whereas that for fiber bundle rotation at 10,000 RPM is approximately 400 cm/s, assuming an 8-mmdiameter fiber bundle. Thus, the relative velocity of fluid elements past fiber surfaces during bundle rotation is likely to be greater than with balloon pulsation. With respect to actual mixing (the second mechanism), we are currently completing flow visualization studies of the rotational fiber bundle prototype. Preliminarily results indicate that the fiber bundle rotation does appear to create Taylor vortices [41] [42] [43] [44] between the bundle and the vessel wall, which, if confirmed, would increase mixing between the fiber bundle and the flow past the bundle. Taylor vortices are secondary flow patterns with characteristic velocities that are an order of magnitude less than those in the angular rotational direction. Thus, although they do not create shear levels approaching those existing in the rotational direction, they can be very effective for radial mixing compared with diffusion.
Other studies have explored fiber bundle rotation as a mechanism for active mixing and gas exchange enhancement in respiratory assist devices. The D-ILAD device was an intravascular oxygenator that used short HFM sheets stacked around a central catheter and rotated in a screw-like arrangement. 29 -32 The D-ILAD achieved gas exchange efficiencies of 310 and 208 mL/min per m 2 for CO 2 and O 2 , respectively. Although lower than the gas exchange efficiency of our device, the D-ILAD was a larger device (membrane area of 0.29 m 2 ), which may account for the lower efficiency. The D-ILAD device, however, had a deployed size of approximately 3 cm in diameter. In extracorporeal respiratory assist devices, Svitek et al. 34 demonstrated that fiber bundle rotation could be used to enhance gas exchange and provide pumping in a device with a rotating annular fiber bundle. Wu et al. 33 reported a similar enhancement of gas exchange for a disk-shaped rotating fiber bundle. Importantly, these studies also determined that rapidly rotating fibers themselves are not associated with significant hemolysis levels.
In this study, we also performed preliminary hemolysis tests with the principal aim of showing that the rapidly rotating fiber bundle itself does not cause significant hemolysis compared with a control cardiovascular device used clinically. If this were true, then the gas exchange benefits of using a rotating fiber bundle for a percutaneous respiratory catheter would not be worthy of further investigation. Levels of PFHB were compared with an intra-aortic balloon pump pulsating within an identical circulatory loop as a control. 38 The results of the hemolysis tests were variable, even though the test devices had identical fiber bundle specifications and comparable gas exchange (data not shown). In the group A test (lowest hemolysis), the rate of increase of PFHB was comparable between the rotating bundle test device and the control but was significantly greater than the control in the group B test (highest hemolysis). As the devices had identical fiber bundle characteristics (number of fibers, length of fibers, fiber packing density) and were operated at the same rotational speed (7500 RPM), we do not ascribe the hemolysis generated in the second test to the rotating fiber bundle itself. If rotating fibers did cause more hemolysis than control, we would have seen higher hemolysis for the test device in group A. Variability in the blood cannot explain this result because the blood used in the group A tests if anything was more susceptible to hemolysis, as indicated not only by a higher fragility index but also by higher control hemolysis in the group A test. We are not completely surprised by the variability of the hemolysis results for our bench test devices. These devices were fabricated for short-term bench tests of gas exchange and were not "highly engineered" with regard to rotational components used in blood contacting devices. Nevertheless, the preliminary hemolysis results are important because they indicate that the active mixing generated by using rapidly rotating fibers itself does not appear to cause significant blood damage compared with an intra-aortic balloon pump, a clinically used cardiovascular device.
In conclusion, fiber bundle rotation appears to be a feasible mechanism for enhancing gas exchange and reducing insertion size for a PRAC. The next step is developing an implantable version of the rotating fiber bundle PRAC. To this end, future work includes 1) designing a deployable "safety cage" that would prevent the rotating fiber bundle from directly contacting vascular endothelium; 2) incorporating and evaluating seal materials and designs, along with bearings, which could be used in a blood contacting application for an acute (7-to 10-day) application; and 3) performing animal implantation tests to evaluate gas exchange performance and device safety in situ.
